The optimization of defi ned growth conditions is necessary for the development of clinical application of human embryonic stem cells (hESCs). Current research has focused on developing defi ned media formulations for longterm culture of hESCs with little attention on the establishment of defi ned substrates for hESC proliferation and self-renewal. Presently available technologies are insuffi cient to address the full complement of factors that may regulate hESC proliferation and maintenance of pluripotency. Here, we report the application of a multifactorial array technology to identify fully defi ned and optimized culture conditions for the proliferation of hESCs. Through the systematic screening of extracellular matrix proteins (ECMPs) and other signaling molecules, we developed and characterized a completely defi ned culture system for the long-term self-renewal of three independent hESC lines. In the future, the novel array platform and analysis procedure presented here will be applied toward the directed differentiation of hESCs and maintenance of other stem and progenitor cell populations.
Introduction
D evelopment and maintenance of multicellular life forms involve complex interactions between cells and biomolecules that mediate cell-cell and cell-matrix contact. Due to the vast number of molecules used in biological systems and furthermore the virtually limitless possible combinations of these molecules, it has been extremely diffi cult to identify sets of conditions that specifi cally affect in a biologically relevant manner the behavior of any cell type in vitro. With the derivation of human embryonic stem cells (hESCs) [1] , it has for the fi rst time become conceivable to study various aspects of human development at the cellular level in a culture dish. In addition, hESCs represent an infinite supply of cellular "raw material" for future cell-based therapies, drug testing, and disease modeling. The in vitro culture conditions and the cellular microenvironments that either promote hESC expansion or their specifi c differentiation have either not been developed or not been defi ned.
Conventional cell culture methods, such as multiwell cell culture dishes, are limited in their ability to screen the vast number of possible combinations of factors that may infl uence hESC behavior. The establishment of high-throughput screens with hESCs will be important for a broad range of applications from basic understanding of the role of certain signaling networks in self-renewal to the development of novel therapeutic treatments, such as cell replacement of damaged, diseased, or dead tissues. Based on previous array technologies [2, 3] , we integrated the use of ECMPs and signaling molecules into a cellular microarray technology platform, thereby creating comprehensive "microenvironments" that closely resemble the in vivo environment in which cells reside.
In recent years, there have been a large number of research studies to identify the optimal hESC culture conditions. Most hESC culture protocols utilize mouse or human feeders that secrete a combination of many uncharacterized factors, some of which are critical to the maintenance of the pluripotent state [4] while others promote their differentiation. More recently, several protocols for the "feeder-free" culture of hESCs have been described [5] . These methods generally involve the use of extracellular matrices, such as Matrigel TM (BD), to provide a suitable cell adhesion substrate and media that have been conditioned on mouse or human feeder layers [6] . However, both Matrigel and conditioned media (CM) contain undefi ned components of nonhuman origin, making the cells cultured in these conditions unsuitable for any future therapeutic applications. Several groups
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have reported the successful use of combinations of factors to replace the need for CM [7] [8] [9] [10] [11] [12] [13] [14] , and only a few studies have been performed to replace Matrigel with extracellular matrix proteins (ECMPs) such as fi bronectin, laminin, or vitronectin [15] [16] [17] [18] . These previous attempts to defi ne the optimal culture conditions for hESCs, however, were made with random variations of a few ECMPs and other signaling molecules without systematically assessing the optimal conditions required for the long-term culture of hESCs. While ECMPs interact in a complex manner to regulate ESC proliferation, maintenance of pluripotency, and differentiation [19, 20] , these interactions have not been studied systematically in hESCs.
With the novel multifactorial array technology presented here, we systematically defi ned an optimal combination of ECMPs that supports long-term propagation of several hESC lines in an undifferentiated state. Furthermore, we have developed several computational tools to process the large data sets produced in these experiments and to extract the critical data points so that the optimal conditions can be verifi ed independently in conventional cell culture format. Our study demonstrates the feasibility of using high-throughput array-based screens to identify ECMPs, growth factors (GFs), and other signaling molecules that may affect hESC fate.
Materials and Methods

Array fabrication
Glass slides (75 mm × 25 mm × 1 mm) were washed with 100% acetone, 100% methanol, and 10 times in Millipore water (MQH 2 O) to remove residual debris and oils. The slides were etched overnight in 0.05 N NaOH, rinsed fi ve times with MQH 2 O, and dried with fi ltered compressed air and in vacuum oven (65°C, 20 psi) for 1 h. The slides were then silanized in a 2% solution of 3-(trimethoxysilyl)propyl methacrylate in anhydrous toluene overnight, rinsed in toluene, dried with compressed air, and baked for 1 h in a vacuum oven (65°C, 20 psi).
A stock solution of 10% (w/v) acrylamide, 0.55% (w/v) bisacrylamide, 10% (w/v) photoinitiator I2959 (200 μg/mL in 100% methanol; Irgacure 2959, Ciba Specialty Chemicals) was prepared. Subsequently, 100 μL of this stock solution was placed on a silanized slide and covered with a 75 mm × 25 mm coverslip (Bellco Glass, Vineland, NJ). The slide was then exposed to 1.5 mW/cm 2 365-nm ultraviolet A light for 7 min and immersed in MQH 2 O for 10 min. The coverslip was then removed, leaving a thin (~75 μm) polyacrylamide gel pad. The polyacrylamide slides were soaked in MQH 2 O for 48 h to remove residual unpolymerized acrylamide and photoinitiator, and then dehydrated on a hot plate (40°C) for 10 min.
Stock solutions of human collagen I, collagen III, collagen IV, collagen V, fi bronectin, and laminin (Sigma-Aldrich, St. Louis, MO) were prepared in an ECMP printing buffer (200 mM acetate, 10 mM EDTA, 40% (v/v) glycerol, and 0.5% (v/v) Triton X-100 in MQH 2 O, with pH adjusted to 4.9 using glacial acetic acid). All ECMP combinations were printed at a constant protein concentration of 250 μg/mL. We discovered that signaling molecules were largely inactive in the ECMP spotting buffer (data not shown). Hence, stocks of bFGF (Invitrogen, Carlsbad, CA), BMP-4 (Invitrogen), retinoic acid (Sigma), and Wnt3a [21] were prepared in a signaling mol-
Final concentrations of these signaling molecules in printing buffer were 30 μg/mL for bFGF, 100 μg/mL for BMP, and 300 μg/mL for retinoic acid. Signaling molecules printed using this buffer retained their signaling ability. Combinations of ECMPs and signaling molecules were mixed in separate 384-well plates. SMP 3.0 spotting pins (Telechem International, Inc., Sunnyvale, CA) were washed with 90% ethanol. All printings were performed with a SpotArray 24 (Perkin Elmer, Waltham, MA) at room temperature with 65% relative humidity. ECMP mixtures were printed fi rst, followed by the signaling molecule mixtures. The acrylamide substrate served to retain the printed proteins to the spots. To control for variability, each microenvironment was printed in replicates of fi ve spots. Each spot had a diameter of 150 μm and neighboring microenvironments were separated by a center-to-center distance of 450 μm. Spots were organized into "subarrays" (9 mm × 9 mm). Each glass slide had 16 such subarrays, and each subarray contained 100 spots arranged in a 10 × 10 format. Thus, a single slide accommodated up to 320 unique signaling microenvironments with fi ve replicates each. Prior to their use, slides were soaked in PBS while being exposed to UVC germicidal radiation in a sterile fl ow hood for 10 min.
Cell culture
The following media were used: MEF and HEK-293 (1X high glucose DMEM, 10% fetal bovine serum, 1% [ ; Global Stem, Herndon, VA). All hESC cultures were supplemented with 30 ng/mL bFGF (Invitrogen). MEF-CM was produced by culturing the appropriate hESC medium on MEFs for 24 h. StemPro consisted of the StemPro supplement (Invitrogen) diluted in DMEM-F12 with 2% (v/v) BSA (Millipore, Billerica, MA) and 55 μM 2-mercaptoethanol. Cultures of H9s were routinely passaged in clumps by exposure to dispase (2 mg/mL; Invitrogen) for 5 min, followed by three rinses with the H9 media, and then collection by gentle scarping. Colonies were further broken up by gentle pipetting prior to plating onto fresh MEF cultures. Hues9 and Hues1 were routinely passaged as single cells by exposure to acutase (Millipore) for 5 min, followed by one rinse with media and centrifugation at 200g. Cells were then resuspended and plated.
HEK-293 were passaged (2.5 × 10 5 cells per slide) directly onto the array slides and allowed to settle on the spots for 18 h prior to rinsing with HEK-293 medium three times to remove residual cells and debris. Prior to seeding onto the arrays, hESCs were cultured for two passages on Matrigel (BD Sciences, Franklin Lakes, NJ) with MEF-CM supplemented with 30 ng/mL bFGF to remove residual feeder cells.
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two passages to remove residual MEFs. The human ECMP coated plates were prepared by coating tissue culture plates in the ECMP (diluted in 10 mM acetic acid) overnight, followed by air-drying. Ten micrograms of total protein was plated per square centimeter of culture dish surface. During these studies we used two lots of collagen I, two lots of collagen IV, three lots of fi bronectin, and three lots of laminin without noticeable differences in the quality of the hESC cultures. HESCs were passaged at a density of 5 × 10 4 cells/ mL onto human ECMP-or Matrigel-coated plates. MEF-CM or StemPro and bFGF were changed daily. Cell viability was assessed using a Trypan blue exclusion assay. Fixation and immunostaining with Hoescht, Oct3/4a, and Nanog were performed using the procedures described earlier for fi xation and immunostaining of array slides.
Karyotype Analysis
For each cell line, cytogenetic analysis was performed on 20 metaphase cells using standard protocols for G-banding (Cell Line Genetics).
Embryoid body formation
Cells were treated with 5 μM of ROCK inhibitor (Y27632, Sigma) 24 h before EB formation. Cells were trypsinized, transferred into untreated V-shaped 96-well plate (5 × 10 3 cell/well), and centrifuged at 950g to form compact colonies of cells. After 24 h, the cell clumps were transferred using a P1000 pipet to ultra-low binding six-well plate. After 7 days, the EBs were replated onto Matrigel-coated plates for an additional 14 days.
RT-PCR analysis
RNA isolation was performed using TRIzol (Invitrogen). One microgram of RNA was treated with DNase I (Invitrogen), and reverse transcription was carried out using qScript cDNA Supermix (Quanta BioScience, Inc., Gaithersburg, MD). Q-PCR was performed on a 7900HT Fast Real-Time PCR System (Applied Biosystems Inc., Foster City, CA) using TaqMan Gene Expression Assay probes (Applied Biosystems) and TaqMan Fast Universal PCR Master Mix (Applied Biosystems). PCR products were separated and visualized by gel electrophoresis. Amplifi cation of GAPDH and omission of RT served as positive and negative controls, respectively. Taqman gene expression assay primers (Applied Biosystems) used were: HESCs were then acutase-passaged onto the array slides (5.0 × 10 5 cells per slide) and allowed to settle on the spots for 18 h prior to rinsing with the medium one time to remove unattached cells and debris. Cell media were replenished daily. Due to the nonfouling nature of the acrylamide, cells were confi ned to the printed microenvironment spots.
Slide staining, imaging, and quantifi cation
For characterization of ECMP and signaling molecule printing, the slides were fi xed in 4% (w/v) paraformaldehyde (PFA) for 10 min and blocked with 1% (w/v) BSA (Sigma) and 3% (w/v) milk for 30 min at room temperature. The slides were then stained with Sypro Ruby (Probes) solution overnight, destained with 10% (v/v) methanol and 7% (v/v) acetic acid, and air-dried. Additionally, slides were stained with primary antibodies mouse anti-collagen I, mouse anti-collagen III, mouse anti-collagen IV, mouse anti-collagen V, mouse anti-fi bronectin, rabbit anti-laminin, rabbit anti-bFGF, mouse anti-BMP-4 (Sigma), or rabbit antiWnt3a [21] , diluted 1:250 in 1% BSA at 4°C overnight. The slides were subsequently washed three times with Trisbuffered saline (TBS), incubated with a goat anti-mouse or goat anti-rabbit Alexa 647 (Invitrogen) at 1:400 for 1 h at 37°C, washed three times with TBS, and air-dried immediately before imaging.
Because fi xing and staining protocols may cause cell detachment and alter the cell counts on each spot, arrays were stained live for DNA with Hoescht 33342 (2 μg/mL; Invitrogen) for 5 min. The arrays were washed three times with the medium and then imaged. After live imaging, the arrays were fi xed in 4% PFA for 5 min at 4°C, followed by 10 min at room temperature. Immediately before staining, the cells were permeabilized with 0.2% (v/v) Triton X-100 and blocked with 1% (w/v) BSA and 3% (w/v) milk for 30 min. The slides were stained with the primary antibodies rabbit anti-Oct3/4a or rabbit anti-Nanog (Santa Cruz) diluted 1:200 in 1% BSA overnight at 4°C, washed three times with TBS, and incubated with goat anti-rabbit Alexa 647 at 1:400 for 1 h at 37°C. Nucleic acids were stained using the Cy3 equivalent POPO-3 (Invitrogen) for 5 min at room temperature. The slides were then washed three times with TBS and air-dried immediately before imaging.
Live imaging of slides was performed using an automated confocal microscope (Olympus Fluoview 1000 with motorized stage and incubation chamber). Imaging of fi xed slides was performed using a confocal DNA microarray scanner (Scanarray 400) at 5-μm pixel resolution. Sypro Ruby stain was imaged using a Scanarray 4000 (Perkin Elmer) with 546-nm laser excitation and a 617-nm emission fi lter. The POPO-3 nucleic acid stain (Cy3 equivalent) was imaged using a 543-nm laser excitation and 570-nm emission fi lter. The Alexa 647 (Cy5 equivalent) was imaged using a 633-nm excitation laser and 670-nm emission fi lter. Each subarray was individually imaged using a focus height that gave the maximum signal in the Z-direction for each channel at the center of the array. Images were then quantifi ed using GenePix software (MDS Analytical Technologies, Sunnyvale, CA).
Long-term hESC culture on defi ned conditions
H9, Hues9, and Hues1 were cultured on Matrigel TM (BD) with MEF-CM supplemented with 30 ng/mL bFGF for
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Arrayed cellular microenvironments to study hESC fate
The layout of the arrayed cellular microenvironments is described in Figure 1 . Using a DNA microarray spotting instrument, we deposited protein mixtures onto hydrogelcoated glass microscope slides. A single slide carries 1,600 spots arranged in 16 10 × 10 matrices (Fig. 1A) . Each protein spot, or microenvironment, is 150 μm in diameter and each protein mixture is spotted in replicates of fi ve so that one slide carries 320 unique conditions. In this work we spot multiple extracellular matrix proteins (ECMPs; collagen I, collagen III, collagen IV, collagen V, fi bronectin, laminin), growth factors (GFs; bFGF, BMP-4, and Wnt3a), and small molecules (retinoic acid).
Prior to seeding onto the arrayed cellular microenvironments, hESCs were cultured in feeder-free conditions [5] and assessed for their characteristic morphology, maintenance of markers of pluripotency, and normal karyotype. To seed the arrays, hESCs were trypsinized into single cells, and cell suspensions were allowed to settle onto the microenvironments for 18 h. Thereafter, medium was replaced to remove nonadhering cells and debris. Passaging methods that result in cell clumps rather than single cells (e.g., manual dissection GCM1: Hs00172692_m1 EOMES: Hs00172872_m1 CGB: Hs00361224_gH GAPDH: Hs99999905_m1 was used as endogenous control.
Wnt reporter line
The Super8XTOP-GFP construct used to generate the Wnt reporter line was constructed by replacing the CMV promoter of pEGFP-N2 (Clontech Laboratories Inc., Mountain View, CA) with the Wnt-responsive promoter Super8XTOP (a 227-bp KpnI to HindIII fragment) excised from Super8XTOP-Flash (kindly provided by Dr. R. Moon). HEK-293 cells were stably transfected with Super8XTOP-GFP, and single cell clones were isolated and screened for (i) low basal GFP expression levels and (ii) strong GFP induction in response to Wnt3a stimulation. GFP expression upon Wnt3a stimulation is detectable within 24 h after Wnt3a addition (50 nM Wnt3a).
Data analysis
All values were presented as mean ± standard deviation. Effect magnitude was calculated as previously described [22] . Clustering analysis was performed using Gene Cluster (Eisen) and all heat maps were created using Treeview (Eisen). mixture containing multiple ECMPs (e.g., collagen IV and laminin) that is able to support long-term culture of hESCs [24] . However, the identity of the essential matrix components required for undifferentiated proliferation of hESCs is unknown. Since single ECMPs only marginally supported hESC growth (Supplementary Fig. 1A and 1B), we sought to systematically assess the effect of multiple ECMPs on hESC proliferation.
Using the array platform, we investigated the effects of all possible combinations of six ECMPs (collagen I, collagen III, collagen IV, collagen V, laminin, and fi bronectin) on hESC proliferation. Hues1 and Hues9 were cultured on arrays carrying all 63 combinations of six ECMPs, as well as Matrigel, in the presence of MEF-CM. The total protein concentration for each spotted combination remained constant at 250 μg/mL.
After 5 days of growth, cell arrays were stained and imaged live for DNA. A proliferation index (PRO i ) was calculated for each spot:
where X i is the log 2 of the DNA signal for the spot, μ DNA is the average of the log 2 DNA signals for all spots on each array, and σ DNA is the standard deviation of the log 2 DNA signals for all spots on each array. Proliferation indexes from replicate spots (n = 5 per ECMP condition) were averaged (μ PRO ) for each array.
To assess the proliferative responses of hESCs to each ECMP condition, μ PRO values were displayed in a heat map with rows corresponding to various ECMP conditions and columns representing three independent array experiments ( Fig. 2A) . The rows and columns were clustered using Pearson correlation as a similarity metric and displayed using a color code with red and green pixels representing higher and lower proliferation, respectively, relative to the global average (μ PRO = 0) ( Fig. 2A) . The biological response of hESCs to the ECMP combinations could be segregated into one of four main groups: (i) high proliferation in both Hues1 and Hues9 (red cluster), (ii) high proliferation in Hues9 only (blue cluster), (iii) high proliferation in Hues1 only (orange cluster), and (iv) low proliferation in both Hues1 and Hues9 (green cluster), corresponding to the four main regions of the proliferation space ( Fig. 2B and 2C ). With the exception of one condition (C1 + Fn), the results of independent array experiments were in good agreement with each hESC line displaying similar trends and tight clustering (r 2 = 0.805 for Hues9 cluster, r 2 = 0.838 for Hues1 cluster). All ECMP conditions promoting high proliferation in both Hues1 and Hues9 (red cluster) contained either fi bronectin (Fn) or laminin (Ln), confi rming previous studies that demonstrated the importance of these ECMPs in promoting hESC proliferation [5, 15, 25] . However, fi bronectin or laminin alone resulted in relatively low proliferation (green cluster). Since the total amount of protein present was the same for individual ECMPs and combinations of ECMPs, it can be concluded that certain combinations of ECMPs better support hESC proliferation than individual ECMPs. Furthermore, Matrigel (Mgel) was less effective at maintaining a high proliferation index relative to most combinations of ECMPs. To ensure that the effect of ECMP composition on cell proliferation was specifi c or collagenase IV treatment) did not produce cell suspension suitable for seeding the arrays. Consequently, we utilized mainly the Hues lines (D. Melton, HHMI, Harvard), which have been adapted to enzymatic single cell passaging. To ensure maximum cell survival, we tested various enzymatic passaging methods. We found that Accutase TM (Chemicon, Billerica, MA) treatment resulted in fully dissociated suspensions that adhered well to the arrayed microenvironment spots. Seeding the array slides with 5 × 10 5 cells allowed for the attachment of 10-20 cells per spot and provided suffi cient area for subsequent growth. After 5 days of growth, various parameters of cell behavior, such as proliferation and pluripotency, were quantifi ed by microscopy and microarray imaging (Fig. 1B-G) .
Individual ECMPs differentially support hESC proliferation in a concentration-dependent manner
We have used single ECMPs such as laminin and fi bronectin as substrates with mixed results for the long-term maintenance of hESCs (data not shown). Here we assessed the ability of single ECMPs to support hESC proliferation. Hues1 and Hues9 were cultured on arrays of single ECMPs (collagen I, collagen III, collagen IV, collagen V, fi bronectin, and laminin) at varying concentrations (500, 250, and 125 μg/mL) and Matrigel (250 μg/mL). After 5 days of growth, cell arrays were fi xed and stained for DNA (Supplementary Fig. 1A and 1B; Supplementary materials are available online at http://www.liebertpub.com). Since total DNA is directly refl ective of cell number, we used this measure to assess relative proliferative rates.
Among the ECMPs studied, only high concentrations of fi bronectin and laminin (500 μg/mL) were able to support hESC proliferation at levels comparable to Matrigel (250 μg/ mL) for both Hues1 and Hues9. Collagen I supported moderate amounts of proliferation in both cell lines tested while collagen IV supported moderate amounts of proliferation in only Hues9 and collagen III supported moderate amounts of growth in only Hues1. These fi ndings suggest that single ECMPs differentially support various hESC lines. Collagen V did not support extensive growth at any concentration in both cell lines. In general, each ECMP supported hESC proliferation in a concentration-dependent manner with the highest amount of proliferation typically occurring at the highest concentration of ECMPs tested. As a whole, these results indicate that single ECMPs are not the optimally defi ned substrates to support hESC growth.
To ensure that individual ECMPS were functional and able to support growth of other more robust cell types, we seeded the arrays with HEK-293 cells ( Supplementary  Fig. 1C ). The individual ECMPs were able to support the growth of HEK-293, but the levels of proliferation of HEK-293, unlike the hESCs, did not show signifi cant trends of changes with concentration variations for all individual ECMPs.
Effect of ECMP composition on hESC proliferation and maintenance of pluripotency
MEFs deposit a complex mixture of ECMPs, including various collagens, laminin, and fi bronectin, thereby creating a substrate that supports attachment and proliferation of undifferentiated hESCs [23] . Likewise, Matrigel is a complex of the cellular microarray technology, we sought to incorporate GFs into the spotted ECMP microenvironments. As a proof-of-principle whether GFs can be deposited into the spotted microenvironments, we printed purifi ed Wnt3a together with ECMPs and verifi ed its retention and activity. The amount of Wnt3a per spot remained the same after soaking a spotted slide in PBS for 24 h, demonstrating that this GF is physically retained to the microenvironment (Fig.  4A) . Spotting Wnt3a alone in the absence of ECMPs was not suffi cient for its immobilization (data not shown), suggesting that it interacts directly with one or more of the deposited ECMPs. Using human embryonic kidney cells (HEK-293) carrying a stably integrated GFP reporter gene under control of a Wnt-responsive promoter (Super 8X-TOP-GFP), we demonstrated that the spotted Wnt protein retained its activity to hESCs, we seeded the arrays with HEK-293 cells. All combinations of ECMPs supported very similar levels of HEK-293 proliferation ( Supplementary Fig. 2 ).
To determine the effect of ECMP composition on maintenance of pluripotency in addition to proliferation, Hues9 were fi xed after 5 days of growth and stained for the stem cell markers Oct4 and Nanog (Fig. 3) . These markers are specifi cally expressed in undifferentiated hESCs and become quickly down-regulated as cells enter differentiation programs [4, 26] .
For each spot, the ratio (R i ) of the log 2 of the Oct3/4a or Nanog signal and the DNA signal was calculated. From this ratio, a pluripotency index (PLU i ) was calculated for each spot:
where R i was the ratio for the spot, μ ratio was the average of the ratios for all spots on each array, and σ ratio was the standard deviation of the ratios for all spots on each array. Each spot was assigned a coordinate (PRO, PLU) to determine the relationship of hESC proliferation to the maintenance of pluripotency. Pluripotency indexes from replicate spots (n = 5 per ECMP condition) were averaged (μ PLU ) for each ECMP condition on the array. The μ PRO and μ PLU were displayed in a heat map with rows corresponding to individual ECMP conditions and columns representing independent array experiments to determine the effects of each ECMP condition on hESC proliferation and maintenance of pluripotency (Fig. 3A) . The ECMP conditions were segregated into one of four main groups: (i) high maintenance of pluripotency and high proliferation (red cluster), (ii) high maintenance of pluripotency and low proliferation (blue cluster), (iii) low maintenance of pluripotency and high proliferation (orange cluster), and (iv) low maintenance of pluripotency and low proliferation (green cluster) ( Fig. 3B and 3C) . The results showed good agreement between experiments (r 2 = 0.723 for pluripotency cluster).
No single ECMP resulted in high values for both proliferation and maintenance of pluripotency. However, collagen I alone (C1), fi bronectin alone (Fn), and laminin alone (Ln) all resulted in high maintenance of pluripotency. This ability to support maintenance of pluripotency is consistent with the use of both fi bronectin and laminin for culture of hESCs. Matrigel (Mgel) also supported maintenance of pluripotency but was unable to support high amounts of proliferation.
Principal component analysis revealed that certain ECMP components, particularly laminin, had dominant effects in terms of proliferation and maintenance of pluripotency (Supplementary Fig. 3 ). All ECMPs had a positive effect on proliferation, indicating that combinations of ECMPs provide a better proliferative environment than single ECMPs. Additionally, laminin was the only component that had a positive effect on both proliferation and maintenance of pluripotency.
Incorporation of signaling molecules into spotted "microenvironments"
To more accurately mimic the in vivo interactions between the ECMPs and GFs and to increase the screening capability of growth, proliferation and maintenance of pluripotency were assessed. Higher proliferation and survival of hESCs was evident when bFGF was present along with the ECMP combination (Fig. 5A) . There was no difference in hESC proliferation whether bFGF was included directly in the microenvironment spot or added exogenously to the growth media (data not shown). On the other hand, the presence of BMP-4 and RA reduced both proliferation and maintenance of pluripotency (Fig. 5B-5D) , consistent with the role of these factors in hESC differentiation. Furthermore, hESCs on microenvironments with BMP-4 and RA quickly lost expression of markers of pluripotency and quickly acquired the fi broblast-like morphology of differentiating hESCs (Fig.  5E-5G) . Together, these results demonstrate that the spotted (Fig. 4B) . GFP intensity increased in a linear manner with the spotted Wnt3a concentration up to a saturation level at 300 μg/mL (Fig. 4C) . The Wnt activity remained localized since spots in the neighboring subarray, in which no Wnt3a was deposited, exhibited no reporter activity.
To demonstrate the feasibility of future array-based screens of hESCs involving signaling molecules, we utilized human basic fi broblast growth factor (bFGF), bone morphogenetic protein-4 (BMP-4), and retinoic acid (RA). It has been demonstrated that bFGF is a factor critical for the maintenance of pluripotency of hESCs [8] , while BMP-4 and RA promote differentiation of hESCs [27] . Arrays spotted with various combinations of ECMPs and signaling molecules were seeded with hESCs. After 5 days of pluripotency markers, genomic integrity, and differentiation potential. Hues1, Hues9, and H9 were cultured on C1+C4+Fn+Ln in the presence of MEF-CM supplemented with bFGF for 15, 10, and 10 passages, respectively. Because MEF-CM contains undefi ned components, Hues 9 and H9 were also cultured for 10 passages on C1+C4+Fn+Ln in the presence of a defi ned medium, StemPro (a commercially available medium containing bFGF, IGF1, Heregulin and ActivinA; Invitrogen) [9] . In all conditions, hESCs were found to grow in compact colonies with no morphological differentiation (Fig. 7A-7D ). Under these culture conditions, hESCs exhibited a growth rate slightly higher (passaging every 5-6 days at 1:6) than conventional cultures grown on feeder cells or on Matrigel with MEF-CM (passaging every 6-7 days at 1:6). Maintenance of pluripotency was assessed by immunostaining ( Fig. 7E-7H ) and quantitative RT-PCR for stem cell markers Oct4 and Nanog (Fig. 7I and  7J ). HESCs grown on C1+C4+Fn+Ln maintained expression of these pluripotency markers equivalent to that of hESCs grown on Matrigel. Karyotypic analysis revealed that cells grown on I+IV+Fn+Ln maintained genetic stability (Fig. 7K  and 7L ). Finally, to determine their differentiation potential, hESCs grown on C1+C4+Fn+Ln were differentiated via embryoid body (EB) formation. After 3 weeks, EBs were analyzed for expression markers of pluripotency as well as ectoderm, endoderm, mesoderm, and trophoectoderm differentiation (Fig. 7M) . The results showed that hESCs grown on C1+C4+Fn+Ln retained the ability to differentiate into the three germ layers. Together, these results confi rmed the ability of C1+C4+Fn+Ln to support long-term culture of hESCs in defi ned media conditions.
Discussion
In the current study, we established a novel microarray technology and leveraged conventional DNA microarray statistical analysis tools to systematically identify a defi ned substrate for long-term culture of hESCs. It is well established that proliferation and maintenance of pluripotency of hESCs is in large part dependent on signaling through soluble biomolecules [7, 8, 10, 12, 18, 28, 29] . As a result, most studies have focused on creating defi ned media [9, 11, 30] rather than on defi ning the composition of the ECMPs. However, since signaling molecule responses are affected signaling molecules retain their signaling activity and can infl uence hESC behavior. These fi ndings also suggest that this screening technology may be applicable to other signaling molecules.
A major goal of our studies was to identify the ECMP conditions that support long-term culture of hESCs in fully defi ned conditions. Previous experiments were performed in the presence of MEF-CM, a poorly defi ned environment for the culture of hESCs. Therefore, we used the optimized conditions (red cluster in Fig. 3A) in array experiments in which we replaced MEF-CM with unconditioned media (UCM). Overall, the absence of CM leads to decreases in proliferation and pluripotency maintenance (Fig. 5H ). This suggests that the ECMPs cannot compensate for certain soluble factors that are present in CM and that promote hESC proliferation and maintenance of pluripotency. Future array-based screens will be useful to identify such factors.
Long-term culture of hESCs in completely defi ned conditions
To determine the ECMP conditions appropriate for further testing of their ability to maintain long-term hESC culture, the mean μ PRO and μ PLU values from all independent array experiments were calculated (Fig. 3B) . Based on these values, the combination of collagen I, collagen IV, fi bronectin, and laminin (C1+C4+Fn+Ln) was chosen because it promoted the highest proliferation (mean μ PRO = 1.41 ± 0.25) and maintenance of pluripotency (mean μ PLU = 1.57 ± 0.19). When hESCs were cultured in a larger tissue culture format over 14 days (three passages), removal of any one of the four ECMP components decreased the total cell number and also the expression of markers of maintenance of pluripotency (Fig. 6) . Removal of collagen I and laminin also signifi cantly decreased the expression of pluripotency markers. These fi ndings suggest that the combination of collagen I, collagen IV, fi bronectin, and laminin promotes hESC proliferation and maintenance of pluripotency. Additionally, data from these experiments in conventional culture systems were consistent with data obtained from the cell array experiments ( Supplementary Fig. 4) .
We next tested whether the combination of collagen I, collagen IV, fi bronectin, and laminin (C1+C4+Fn+Ln) could sustain long-term self-renewal of hESCs without loss 6 . Identifi cation of optimal ECMP condition for long-term culture of hESCs. From microarray experiments, the combination of collagen I, collagen IV, fi bronectin, and laminin (I+IV+Fn+Ln) was identifi ed as an ECMP condition that would promote hESC proliferation and maintenance of pluripotency. Hues9 were grown in triplicate wells of a sixwell plate coated with I+IV+Fn+Ln and also minus each of the components: collagen I (-C1), collagen IV (-C4), fi bronectin (-Fn), and laminin (-Ln). After 14 days of growth (three passages), cells were counted and analyzed by quantitative RT-PCR for expression of hESC markers OCT4 and NANOG. Data were normalized to C1+C4+Fn+Ln and reported as mean ± standard deviation. *Signifi cantly different (onetailed t-test, P < 0.05) from C1+C4+Fn+Ln.
including all previously tested and published ECMP combinations, we identifi ed one substrate, composed of human collagen I, collagen IV, fi bronectin, and laminin that performed signifi cantly better. We then demonstrated that this novel substrate was able to sustain the long-term culture of three independently derived stem cell lines (Hues1, Hues9, and H9), while maintaining their morphology, expression of pluripotent stem cell markers, genetic stability, and differentiation potential. Furthermore, we verifi ed that this substrate was compatible with MEF-CM or other defi ned media such as StemPro (Invitrogen). We also demonstrated the necessity of each component of this substrate, as removal of any one of these components had negative effects on hESC culture. Given the paucity of studies investigating the effect of the matrix proteins on hESC fate, the studies conducted here largely focused on ECMPs. However, we also demonstrated the feasibility of future array-based screens with signaling molecules. Many developmental GFs and morphogens (such by interactions between the cell and its matrix, it is equally important to develop defi ned matrices that support cell growth. Given the complex makeup of Matrigel and diversity of the ECMPs secreted by mouse or human feeders, a defi ned matrix supportive of hESCs would most likely be composed of several ECMPs. Furthermore, recent studies have shown that hESCs express integrin receptors for collagens, laminin, and fi bronectin and that mouse and human feeder layers secrete several ECMPs, including collagen I, collagen IV, fi bronectin, and laminin [17] . These fi ndings suggest that interactions between hESCs and the ECMPs regulate stem cell behavior. Thus, we systematically screened in a concentration-varying and combinatorial manner six common ECMPs (collagen I, collagen III, collagen IV, collagen V, laminin, and fi bronectin) that may potentially infl uence hESC self-renewal. From our initial screens, we identifi ed several substrates that were able to support short-term hESC proliferation and maintenance of pluripotency. Of all the possible ECMP combinations, ≈0.90 [38] . The slightly lower correlation coeffi cients in our array system are explained by the inherent variability of living cells as well as subtle deviations in fi xation, staining, and imaging of the cellular arrays among independent experiments. Nonetheless, by using statistical analysis of multiple replicates of each condition and of each experiment, we were able to identify highly reproducible conditions for maintaining hESC pluripotency. The usefulness of array-generated data to address a specifi c question largely depends on the methods used for data analysis. Previously, principal component analysis (PCA) was employed to identify the individual components responsible for the measured change in cellular fate [2, 3] . However, PCA does not suffi ciently allow for the identifi cation of specifi c conditions responsible for the most prominent changes in cellular fate. Here, we have demonstrated that array data from these experiments can be analyzed using the same clustering algorithms that are used to analyze DNA microarray data. By utilizing these clustering algorithms, we have been able to identify several substrates capable of supporting hESC culture. Furthermore, we confi rmed that the results obtained from our array system are in agreement with those obtained in traditional culture system. Recently, traditional high-throughput screening assays (HTS) have been implemented to screen for the discovery of single small molecules that sustain hESC self-renewal [39] . Several compounds were identifi ed as promoting short-term hESC self-renewal, but none were identifi ed as being able to sustain long-term hESC proliferation and maintenance of pluripotency. The array technology presented here is advantageous to traditional HTS because our system requires 1,000 times less reagent and cell number than typical HTS. This is especially important because of the expense of certain proteins and small molecules and the rarity of certain cell types (e.g., cancer and hematopoietic stem cells). In the current array format, we were able to simultaneous screen 320 unique conditions per slide. However, the technology can be adapted to simultaneously screen on the order of 1,000 unique conditions thus achieving similar screening capacities as typical HTS.
In summary, with data generated from this array system, we have developed and characterized a completely defi ned culture system for the long-term self-renewal or defi ned differentiation of hESCs. We demonstrate that the novel technology platform and analysis procedure described here can be broadly utilized as a cellular screening tool. This system will be useful for future hESC scientifi c research, including the elucidation of differentiation protocols, as well as the identifi cation of culture conditions of rare and recalcitrant primary cell populations, such as adult stem and progenitor cells and cancer stem cells.
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as Wnts, FGFs, and Hedgehogs) interact with the cell surface and/or ECM, thereby restricting their signaling range and modulating their activities [31] [32] [33] . Additionally, current studies in hESCs focus on one signaling molecule at a time and largely ignore the role of ECMPs in regulating GF signaling response. Therefore, we incorporated a number of GFs (bFGF, Wnt3a, BMP-4) and small molecules (retinoic acid) directly into the spotted microenvironments. We confi rmed the biological activity of these spotted factors: Wnt3a by its ability to activate a reporter gene, bFGF by its ability to maintain hESCs in a highly proliferative and pluripotent state, and BMP-4 and retinoic acid by their ability to induce hESC differentiation. Incorporation and immobilization of GFs and small molecules into spotted microenvironments have the additional benefi t of increasing the throughput of the screening technology.
Several studies have used array-based systems to screen factors that may infl uence cell fate [2, 3, 23, 24, 26, 34] . However, our technology is the only array-based platform that has been used to screen microenvironments composed of ECMPs and signaling molecules on hESC fate. Flaim et al. used an array technology to investigate the effect of ECMPs on hepatocytes and mouse ES cells [2, 3] . However, that technology relied on the addition of signaling molecules to the surrounding media, thereby limiting the throughput and the complexity of the microenvironments that could be screened. Meanwhile, Soen et al. (2006) used a cellular microarray to examine the regulation of human neural precursors and found that Wnt and Notch costimulation maintained the cells in an undifferentiated state [35] . Our platform distinguishes itself in three major ways. (1) We routinely print multiple ECMPs to create a more complex microenvironment. In the referenced publication only one ECMP is used at a time. (2) In previous studies, proteins are covalently attached directly to aldehyde-derivatized slides. In contrast, we spot proteins on a hydrogel, which serves to immobilize the proteins noncovalently and prevents their diffusion. Previous experiments in which we attempted to covalently cross-link Wnt3a produced an inactive protein (K.W. data not shown); as a result we believe that noncovalent immobilization is critical to maintain maximal biological activity. (3) Our spotted microenvironments are signifi cantly smaller, thus allowing a larger number of conditions to be screened per slide. Finally, Anderson et al. (2004) utilized arrayed artifi cial biomaterials to study polymer-cell interaction [36] . While this platform was able to characterize many conditions that facilitate stem cell interactions with these synthetic polymers, these synthetic microenvironments do not contain signaling molecules that are instructive in cell fate choice.
Although array-based studies generate large data sets, the potential use of this data may be limited by several methodological issues, which we have addressed in this study. These include: (i) reproducibility of data between independent array screens, (ii) statistical analysis of the generated data to achieve outcome assessment, and (iii) validation of data in traditional tissue culture formats. Reproducibility is an essential characteristic of any array-based platform [37] . Our independent array experiments generally had Pearson correlation coeffi cients >0.80. For comparison, the reported correlation coeffi cients between technical replicates of highend oligonucleotide arrays such as Affymetrix or Agilent are , and (C) HEK-293 cell proliferation after 5 days on Matrigel and various concentrations of collagen I, collagen III, collagen IV, collagen V, fi bronectin, and laminin. Cells were stained live for DNA and the signal was quantifi ed to obtain a measurement of proliferation. Cell proliferation levels were normalized to the cell proliferation levels on Matrigel (250 μg/mL). Data were collected and displayed as mean ± standard deviation. 
